Relay Selection in multi-node cooperative communications: when to cooperate and whom to cooperate with by Ahmed S. Ibrahim et al.
Relay Selection in Multi-Node Cooperative Communications:
When to Cooperate and Whom to Cooperate with?
Ahmed S. Ibrahim, Ahmed K. Sadek, Weifeng Su †, and K. J. Ray Liu
Department of Electrical and Computer Engineering and Institute for Systems Research
University of Maryland, College Park, MD 20742, USA.
{asalah, aksadek, kjrliu}@eng.umd.edu
† Department of Electrical Engineering
State University of New York at Buffalo, Buffalo, NY 14260, USA.
weifeng@eng.buffalo.edu
Abstract—In this paper, we propose a new cooperative commu-
nication protocol, which achieves high bandwidth efﬁciency while
guaranteeing full diversity order. The proposed scheme considers
relay selection via the available partial channel state information
(CSI) at the source and the relays. More precisely, the source
determines when it needs to cooperate with one relay only among
arbitrary N relays and which relay to cooperate with in case of
cooperation, i.e., “When to cooperate?” and “Whom to cooperate
with?”. In case of cooperation, the source employs the optimal
relay, which has the maximum instantaneous scaled harmonic
mean function of its source-relay and relay-destination channels’
gains. For the symmetric scenario, we prove that full diversity
is guaranteed and that a signiﬁcant increase of the bandwidth
efﬁciency is achieved. Furthermore, we show the tradeoff between
the achievable bandwidth efﬁciency and the corresponding error
rate. Finally, the obtained analytical results are veriﬁed through
computer simulations.
I. INTRODUCTION
Recently, cooperative communications for wireless networks
have gained much interest due to its ability to mitigate fading
in wireless networks through achieving spatial diversity, while
resolving the difﬁculties of installing multiple antennas on
small communication terminals. In cooperative communica-
tion, relays are assigned to help a source in forwarding its
information to its destination, hence forming a virtual antenna
array. Various cooperative diversity protocols were proposed
and analyzed in [1]-[8].
In this paper, we propose a cooperative protocol based
on the relay selection technique using the availability of the
partial channel state information (CSI) at the source and the
relays. The main objective of this scheme is to achieve higher
bandwidth efﬁciency than that of the conventional coopera-
tive schemes, while guaranteeing full diversity order. More
precisely, we consider a multi-relay scenario where arbitrary
N relays are available and we discuss two main questions:
“When to cooperate?” and “Whom to cooperate with?”.T h e
rationale behind our proposed protocol is that there is no
need for any relay to forward the source’s information if the
direct link between the source and the destination is of high
quality. In addition, the source picks one relay only, which
is referred to as the optimal relay, to cooperate with in case
it needs help. This optimal relay is the one which has the
maximum instantaneous value of a metric, which is a scaled
version of the harmonic mean function of its source-relay and
relay-destination channels’ gains, among the N relays. For the
symmetric scenario, we provide an approximate expression of
the bandwidth efﬁciency and obtain an upper bound on the
Symbol Error Rate (SER) performance. Finally, we provide a
few tradeoff curves between the bandwidth efﬁciency and the
SER.
The rest of this paper is organized as follows. In Section II,
we present the conventional single-relay decode-and-forward
cooperative scenario, which leads to the motivation behind
choosing an appropriate metric to indicate the relay’s ability to
help. Furthermore, we propose the multi-node relay-selection
decode-and-forward cooperative scenario. In Section III, we
derive an approximate expression of the bandwidth efﬁciency
and an upper bound on the SER performance for the symmetric
scenario. Section IV presents the bandwidth efﬁciency-SER
tradeoff curves for different number of relays and some
simulation results which verify the analytical results. Finally,
Section V concludes the paper.
II. MOTIVATION AND PROPOSED RELAY-SELECTION
PROTOCOL
In this section, we present the system model of the conven-
tional single-relay decode-and-forward cooperative scenario
along with the SER results obtained in [4]. In addition, we
introduce the proposed multi-node relay-selection decode-and-
forward cooperative scenario.
A. Motivation for Relay-Selection Criterion
The conventional single-relay decode-and-forward cooperative
scheme has been presented and analyzed in [4]. The single-
relay communication system consists of a source s, its desti-
nation d, and a relay r. The transmission protocol requires two
consecutive phases as follows. In the ﬁrst phase, the source
broadcasts its information to the relay and the destination. The
received symbols at the destination and the relay can be mod-
eled as ys,d =
√
P1 hs,d x+ηs,d and ys,r =
√
P1 hs,r x+ηs,r,
respectively, where P1 is the source transmitted power, x is the
transmitted information symbol, and ηs,d and ηs,r are additive
noises. In addition, hs,d and hs,r are the source-destination
and source-relay channel coefﬁcients, respectively. If the relay
decodes the received symbol correctly, it forwards the decoded
symbol to the destination in the second phase, otherwise
it remains idle. The received symbol at the destination is
modeled as yr,d =

˜ P2 hr,d x + ηr,d, where ˜ P2 = P2 if the
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is an additive noise, and hr,d is the relay-destination channel
coefﬁcient. Power is distributed between the source and the
relay subject to the power constraint P1 + P2 = P.
The channel coefﬁcients hs,d, hs,r, and hr,d are modeled as
zero-mean complex Gaussian random variables with variances
δ2
s,d, δ2
s,r, and δ2
r,d, respectively. The noise terms ηs,d, ηs,r,
and ηr,d are modeled as zero-mean complex Gaussian random
variables with variance N0. It has been shown in [4] that the
SER for M-PSK signalling can be upper bounded as
Pr(e) ≤
N2
0
b2 δ2
s,d PP 1
 A2
rδ 2
s,r
+
B
(1 − r) δ2
r,d

, (1)
where r = P1
P is referred to as power ratio, b = sin2(π/M),
A = 1
π
 (M−1)π
M
0 sin
2 θd θ= M−1
2M +
sin( 2π
M )
4π , and B =
1
π
 (M−1)π
M
0 sin
4 θd θ=
3(M−1)
8M +
sin( 2π
M )
4π −
sin( 4π
M )
32π . Moreover,
it was shown in [4] that the SER upper bound in (1) is tight
at high enough signal-to-noise ratio (SNR).
The SER upper bound in (1) can be decomposed into two
terms. The ﬁrst term
N
2
0
b2 δ2
s,d PP 1 is independent of the relay,
while the second term m = A
2
rδ 2
s,r + B
(1−r) δ2
r,d
depends on
the relay channels, the modulation scheme, and the power
ratio. Therefore the second term gives a measure, in some
sense, about how much help a relay can provide to the
source. A modiﬁed metric can be obtained by inverting m and
formulating the result in a standard harmonic mean function
[10] as
m  =
2 q1 q2
m
=
2 q1 q2 δ2
s,r δ2
r,d
q1 δ2
r,d + q2 δ2
s,r
= µH(q1 δ2
r,d,q 2 δ2
s,r) ,
(2)
where q1 = A
2
r and q2 = B
(1−r). In order to minimize the SER
in (1), (2) should be maximized.
We note that the expression in (2) is a function of the
average channels gain δ2
s,r and δ2
r,d. The average channels’
gains cannot be utilized to determine whether the source needs
the relay’s help or not, as it may result in having a direct
transmission between the source and the destination during the
whole transmission, which results in a diversity order equal to
1. Therefore instead of having an average metric for the relay
(2), we obtain an instantaneous metric. This instantaneous
metric is the same as the average one, but with the average
channels’ gains being replaced by the instantaneous channels’
gains and it is given by
βm = µH(q1 βr,d,q 2 βs,r)=
2 q1 q2 βs,r βr,d
q1 βr,d + q2 βs,r
, (3)
where βs,r = |hs,r|2 and βr,d = |hr,d|2. Thus, the instan-
taneous value of (3) can be used to give an instantaneous
indication about the relay’s ability to cooperate with the
source.
B. Proposed Relay-Selection Protocol
The conventional multi-node cooperative communication sys-
tem consists of a source s, its destination d, and N relays, as
sd
r
rN r1
Optimal
Relay
Fig. 1. Multi-node relay-selection cooperative communication system.
shown in Fig. 1. In the conventional multi-node decode-and-
forward cooperative communications [6], each relay receives
the transmitted symbols from the source and the previous
relays, applies maximal-ratio combining (MRC) [9] on the
received signals, and re-transmits the decoded symbols if
they have been correctly decoded. This protocol achieves full
diversity order, however, it requires N +1phases to complete
the transmission and consequently the bandwidth efﬁciency
is R = 1
N+1 symbol per channel use (SPCU). Therefore,
the objective of our proposed relay-selection scenario is to
increase the bandwidth efﬁciency, while guaranteeing full
diversity order. The basic idea of the proposed multi-node
relay-selection cooperative scenario depends on selecting one
relay among the N relays to cooperate with the source, if it
needs cooperation.
There are two main questions to be answered. The ﬁrst ques-
tion is how the optimal relay is selected, in case of cooperation
and its answer follows from the motivation described earlier.
The scaled harmonic mean function of the source-relay and
relay-destination channels’ gains is an appropriate measure on
how much help a relay can offer. Thus the optimal relay is the
one, which has the maximum scaled harmonic mean function
of its source-relay and relay-destination channels’ gains among
all the N relays. With the optimal relay being selected, the
system consists of the source s, the destination d, and the
optimal relay r, as shown in Fig. 1. The second question is how
the source determines whether to cooperate with this optimal
relay or not, and its answer is explained in the sequel while
explaining the transmission protocol.
Let the metric for each relay be deﬁned as the scaled har-
monic mean function of its source-relay and relay-destination
channels’ gains as βi = µH(q1 βri,d,q 2 βs,ri) ,for i =
1,2,···,N. Consequently, the optimal relay has a metric
which is equal to βmax = max{ β1,β 2,...,β N } .T h e
transmission protocol of the proposed scheme can be described
as follows. In the ﬁrst phase, the source computes the ratio
βs,d/βmax and compares it to a constant, referred to as
cooperation threshold α.I f
βs,d
βmax ≥ α, then the source decides
to use direct transmission only. This mode is referred to as
the direct-transmission mode. Let φ = { βs,d ≥ αβ max } be
the event of direct transmission. The received symbol at the
destination can then be modeled as
y
φ
s,d =
√
Ph s,d x + ηs,d, (4)
where P is the total transmitted power.
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βs,d
βmax <α , then the source em-
ploys the optimal relay r to transmit its information as in
the conventional single-relay decode-and-forward cooperative
protocol [4]. This mode is denoted by relay-cooperation mode
and can be described as follows. In the ﬁrst phase, the
source broadcasts its symbol to both the optimal relay and
the destination. The received symbols at the destination and
the optimal relay can be modeled as
y
φ
c
s,d =

P1 hs,d x + ηs,d,y φ
c
s,r =

P1 hs,r x + ηs,r, (5)
respectively, where φc denotes the complement of the event
φ. The optimal relay decodes the received symbol and re-
transmits the decoded symbol if correctly decoded in the
second phase, otherwise it remains idle. The received symbol
at the destination is modeled as
y
φ
c
r,d =

˜ P2 hr,d x + ηr,d, (6)
where ˜ P2 = P2 if the relay decodes the symbol correctly,
otherwise ˜ P2 =0 . Power is distributed between the source and
the optimal relay subject to the power constraint P1+P2 = P.
The terms presented in (4)-(6) are deﬁned as in Section II-A. In
addition, the channel coefﬁcients and noise terms are modeled
as in Section II-A.
The optimal relay decides whether to forward the received
information or not according to the quality of the received
signal. For mathematical tractability, we assume that the relay
can decide whether the information is decoded correctly or not.
Practically, this can be done at the relay by applying a simple
SNR threshold on the received data. Although, it can lead to
some error propagation, but for practical ranges of operating
SNR, the event of error propagation can be assumed to be
negligible.
We assume that the channels are reciprocal as in the time di-
vision duplex (TDD) mode, hence each relay knows its source-
relay and relay-destination channels’ gains and calculates their
harmonic mean function. Then, each relay sends this metric
to the source through a feedback channel. Furthermore, we
assume that the source knows its source-destination channel’s
gain. Thus, the source uses its source-destination channel’s
gain and the maximum metric of the relays, to determine
whether to cooperate with one relay only or not. Finally,
the source sends a control signal to the destination and the
relays to indicate its decision and the optimal relay it is going
to cooperate with, in case of cooperation. This procedure is
repeated every time the channels’ gains vary. We assume that
the channels’ gains vary slowly so that the overhead resulting
from sending the relays’ metrics is negligible. We should note
here that the source and the relays are not required to know
the phase information of their channels.
III. PERFORMANCE ANALYSIS
In this section, we calculate an approximate expression of
the bandwidth efﬁciency and an upper bound on the SER
performance for the multi-node relay-selection decode-and-
forward cooperative scenario.
A. Bandwidth Efﬁciency Analysis
We derive the achievable bandwidth efﬁciency of the multi-
node relay-selection decode-and-forward cooperative scheme
as follows. The cumulative distribution function (CDF) of βi
for i =1 ,2,···,N, denoted by Pβi(.), can be written as given
in [10] as Pβi (βi)=1−
βi
t1,i exp(−
t2,i
2 βi) K1(
βi
t1,i) where
t1,i =

q1 q2 δ2
s,ri δ2
ri,d, t2,i = 1
q2 δ2
s,ri
+ 1
q1 δ2
ri,d
, and K1(x)
is the ﬁrst-order modiﬁed Bessel functions of the second kind,
deﬁned in [[11], (9.6.22)]. The CDF of βmax is calculated
as Pβmax(β)=
N
i=1 Pβi(β) , and the probability density
function (PDF) of βmax is written as
pβmax(β) ≈
N 
j=1
pβj(β)
 N 	
i=1,i =j

1 − exp(−
t2,i
2
β)
 

,
(7)
where we approximated K1(.) as given in [[11], (9.6.9)] by
K1(x) ≈ 1
x.
The expression in (7) is complex and will lead to more
complex and intractable expressions. For simplicity, we con-
sider the symmetric scenario where all the relays have the
same source-relay and relay-destination channel variances, i.e.,
δ2
s,ri = δ2
s,r and δ2
ri,d = δ2
r,d for i =1 ,2,...,N. Conse-
quently, let t1 =

q1 q2 δ2
s,r δ2
r,d and t2 = 1
q2 δ2
s,r + 1
q1 δ2
r,d
.
The probability of the direct-transmission mode can be
calculated as
Pr(φ)=Pr(βs,d ≥ αβ max)=
 ∞
0
Pβmax(
βs,d
α
)
·pβs,d (βs,d) dβs,d ≈
N 
n=0
(N
n )
2α (−1)n
2α + t2 δ2
s,d n
. (8)
In addition, the probability of the relay-cooperation mode is
Pr(φc)=1− Pr(φ). Since the bandwidth efﬁciency of the
direct-transmission mode is 1 SPCU, and that of the relay-
cooperation mode is 1/2 SPCU, thus the average bandwidth
efﬁciency is calculated as
R = Pr(φ)+
1
2
Pr(φc)
≈
1
2
+
N 
n=0
(N
n )
(−1)nα
2α +
 1−r
Bδ 2
s,r + r
A2 δ2
r,d

δ2
s,d n
. (9)
B. SER Analysis
In the sequel, we consider the M-PSK modulation scheme.
The probability of symbol error, or SER, is deﬁned as
Pr(e)=Pr(e/φ) · Pr(φ)+Pr(e/φc) · Pr(φc) , (10)
where Pr(e/φ) · Pr(φ) represents the SER of the direct-
transmission mode and Pr(e/φc)·Pr(φc) represents the relay-
cooperation mode SER. The SER of the direct-transmission
mode can be calculated as follows. First, the instantaneous
direct-transmission SNR is γφ =
Pβ s,d
N0 . In addition, the
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in [12] as
Pr(e/φ,βs,d)=Ψ ( γφ)=
1
π
 (M−1)π
M
0
exp(−
bγ φ
sin
2 θ
) dθ , (11)
where b = sin2(π/M). It can be shown that
Pr(e/φ) Pr(φ) ≈
N 
n=0
(N
n )(−1)n
×F1

1+
t2 δ2
s,d n
2α
+
bP
N0 sin2θ
δ2
s,d

,
(12)
where F1

x(θ)

= 1
π
 (M−1)π
M
0
1
x(θ) dθ.
For the relay-cooperation mode, maximal-ratio combining
(MRC) [9] is applied at the destination. The output of the
MRC [9] is written as yφ
c
=
√
P1 h
∗
s,d
N0 y
φ
c
s,d +
√
˜ P2 h
∗
r,d
N0 y
φ
c
r,d.
Consequently, the instantaneous SNR of the MRC output is
calculated as γφ
c
=
P1βs,d+ ˜ P2βr,d
N0 . The conditional SER of
the relay-cooperation mode is given in [4] as
Pr(e/φc,β s,d,β s,r,β r,d)=Ψ ( γφ
c
)| ˜ P2=0 Ψ(
P1βs,r
N0
)
+Ψ(γφ
c
)| ˜ P2=P2

1 − Ψ(
P1βs,r
N0
)


. (13)
Let Pr(X/φc,β s,d,β s,r,β r,d)=Ψ ( γφ
c
)Ψ(
P1βs,r
N0 ) and
Pr(Y/φc,β s,d,β s,r,β r,d)=Ψ ( γφ
c
). It can be shown that
Pr(X/φc)Pr(φc)=

˜ β
1
π2
 (M−1)π
M
θ1=0
 (M−1)π
M
θ2=0
1 − exp

−

P1C(θ1)+ 1
δ2
s,d

αβmax

1+P1 C(θ1)δ2
s,d
p˜ β(˜ β)
· exp

−

P2C(θ1)βr,d + P1C(θ2)βs,r

dθ2 dθ1 d˜ β ,
(14)
where ˜ β =[ βs,r,β r,d] and C(θ)= b
N0 sin2 θ.
It is difﬁcult to get a closed-form expression for (14), thus,
we obtain an upper bound via a worst-case scenario. More
precisely, we replace βs,r and βr,d in (14) by their worst-
case values in terms of βmax. Then, we average (14) over
βmax only. Since βmax = µH(q1 βr,d,q 2 βs,r), we can write
1
βmax = 1
2 q2 βs,r + 1
2 q1 βr,d. Thus, βmax ≤ 2 q2 βs,r and
βmax ≤ 2 q1 βr,d. Therefore, we replace βs,r and βr,d by
their worst values in terms of βmax as βs,r −→
βmax
2 q2 and
βr,d −→
βmax
2 q1 . Therefore, (14) can be upper bounded as
Pr(X/φc)Pr(φc) ≤
1
π2
 (M−1)π
M
θ1=0
dθ1
1+P1 C(θ1)δ2
s,d
 (M−1)π
M
θ2=0

Mβmax
 ˜ P2 C(θ1)
2 q1
+
P1 C(θ2)
2 q2

−
Mβmax

P1C(θ1)+
1
δ2
s,d

α +
˜ P2C(θ1)
2 q1
+
P1C(θ2)
2 q2


dθ2,
(15)
N r α R CG
1 0.5744 1.3 0.8018 0.3676
2 0.5528 0.84 0.7880 0.2135
3 0.5409 0.68 0.7824 0.1421
4 0.5334 0.6 0.7781 0.1033
TABLE I
Optimum values of power ratio and cooperation threshold for unity channel
variances.
where Mβmax(.) is the moment generation function
(MGF) of βmax and can be written as Mβmax(γ) ≈
N
N−1
n=0

N−1
n

(−1)n Mβm(γ + nt 2
2 ).T h eMβm(.) is the
MGF of the harmonic mean function of two independent
exponential random variables obtained in [10]. The same
technique can be implemented to get an upper bound for
Pr(Y/φc)Pr(φc).
Using this worst-case approximation it can be shown that
at high SNR γ = P
N0, the total SER of the multi-node relay-
selection decode-and-forward symmetric cooperative scenario
is upper bounded as
Pr(e) ≤ (CG· γ)−(N+1) , (16)
where CG denotes the coding gain and is equal to
CG =
N!( 1−r
Bδ 2
s,r + r
A2 δ2
r,d
)N−1
bN+1 δ2
s,d

− 1
(N+1)
·
( 1−r
Bδ 2
s,r + r
A2 δ2
r,d
) I(2 N +2 )
(2 α)N +
A2δ2
r,d
r
+
Bδ2
s,r
1 − r


A2N I(2 N +2 )+BN AI(2 N)

rN+1 (1 − r)N

− 1
(N+1)
,
(17)
where I(p)= 1
π
 (M−1)π
M
θ=0 sin
p θd θ . (16) shows that full
diversity order of N+1 is guaranteed as long as α>0. In (16),
we have applied the approximation Mβm(γ) ≈
q1 δ
2
r,d+q2 δ
2
s,r
2 γ ,
derived in [5], which is valid at high enough SNR.
IV. BANDWIDTH EFFICIENCY-SER TRADEOFF AND
SIMULATION RESULTS
In this section, we present the bandwidth efﬁciency-SER trade-
off curves, which are used to obtain the optimum cooperation
threshold. Furthermore, we show some simulation results.
A. Bandwidth Efﬁciency-SER Tradeoff
First we obtain the optimum power ratio, which minimizes
the SER upper bound in (16) through exhaustive numerical
search. Table I presents the obtained optimum power ratios
for different number of relays. Fig. 2 depicts the bandwidth
efﬁciency-SER tradeoff curves for different number of relays
at SNR equal to 20 dB. This tradeoff is the achievable band-
width efﬁciency and SER for different values of cooperation
threshold. At certain SER value, the maximum achievable
bandwidth efﬁciency, while guaranteeing full diversity order,
can be obtained.
Fig. 2 depicts that the bandwidth efﬁciency-SER tradeoff
curve achieved by four relays is the best among the plot-
ted curves in the low SER region. In general, increasing
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Fig. 2. Bandwidth efﬁciency versus SER at SNR=20 dB using unity channel
variances.
the number of relays does not necessarily lead to a better
bandwidth efﬁciency-SER tradeoff for the following reason.
As the bandwidth efﬁciency corresponds to the number of
channel uses required to transmit a ﬁxed-modulation symbol.
Therefore, the more relays into the system, the higher the
number of available paths between the source and the des-
tination, the higher the probability that one of them is more
effective than the direct source-destination path, the higher
the probability of the relay-cooperation mode, and ﬁnally the
higher the probability that the bandwidth efﬁciency is closer to
1/2 SPCU. Therefore, increasing the number of relays reduces
both the SER and the bandwidth efﬁciency. Thus in general,
increasing the number of relays does not necessarily improve
the bandwidth efﬁciency-SER tradeoff curve.
As an example of choosing the optimum cooperation thresh-
old, we choose an optimization metric that is the product of
the coding gain and bandwidth efﬁciency. This optimization
metric can be written as maxα(CG·R), where R and CG are
obtained from (9) and (17), respectively. The optimum values
of α are presented in Table I. Finally, Table I shows that the
bandwidth efﬁciency is boosted up from 0.2 to 0.77 SPCU for
N =4relays, while guaranteeing full diversity order (16).
B. Simulation Results
In the sequel, we assume that the noise variance is N0 =1 .F o r
fair comparison, the SER curves are plotted as a function of
P/N0. Finally, QPSK signalling is used in all the simulations.
Fig. 3 depicts the SER performance employing one, two, and
three relays for unity channel variances. We plot the simulated
SER curves using the optimum power ratios and the optimum
cooperation thresholds obtained in Table I. Moreover, we plot
the SER upper bounds (16), which achieve full diversity order.
It is obvious that the simulated SER curves are bounded by
these upper bounds, hence they achieve full diversity order as
well. The direct-transmission SER curve is plotted as well to
show the signiﬁcant improvement resulting from employing
the relays in a cooperative scenario.
V. CONCLUSION
In this paper, we have proposed a new multi-node relay-
selection decode-and-forward cooperative scenario, which uti-
lizes the partial CSI available at the source and the relays.
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Fig. 3. SER simulated with optimum power ratio and SER upper bound
curves with QPSK modulation and unity channel variances.
The main objective of this work is to achieve high bandwidth
efﬁciency and to guarantee full diversity order. We have proven
that full diversity order is guaranteed as long as there is a
positive probability of having cooperation. We have shown that
the bandwidth efﬁciency is boosted up from 0.2 to 0.77 SPCU
for N =4relays and unity channel variances case. As for the
optimum cooperation threshold, we have shown the bandwidth
efﬁciency-SER tradeoff curves, which determine the optimal
cooperation threshold. Finally, we have presented some simu-
lation results to verify the obtained analytical results.
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